Tap water free from unpleasant taste and odour is important for consumer satisfaction. We applied a super-powdered activated carbon (S-PAC) and microfiltration (MF) system to the removal of geosmin, a taste-and odour-causing compound. We used a specially pulverised PAC with a submicron particle size, much smaller than the normal PAC (N-PAC) particle size, as an adsorption pretreatment agent. MF and adsorption pretreatment with S-PAC removed geosmin with considerably greater efficiency and at a much lower dosage rate than with N-PAC. An S-PAC dosage of 2 mg/L was equivalent to an N-PAC dosage of more than 20 mg/L in the treatment of reagent-geosmin-spiked feed water -a dosage saving of 90%, with better removal. In experiments with feed water spiked with cultured Anabaena and geosmin, geosmin removal was attained with S-PAC at a dosage 10% of that of N-PAC. The superiority of S-PAC in removing naturally occurring geosmin from raw water was also confirmed. However, the dosage saving in this case was 75%. S-PAC also helped attenuate trans-membrane pressure increases in both physical backwash and chemical cleaning cycles. No significant trans-membrane pressure increase was observed during 4 months of MF operation with S-PAC addition, suggesting that S-PAC particles did not clog or foul the membrane.
INTRODUCTION
Taste and odour in drinking water are persistent problems for many water supply entities. In Japan, the raw water Although ozonation is an effective treatment option for the control of taste and odour compounds, formation of the hazardous by-product bromate must be controlled (Proc.
IWSA International Workshop 1993; Lefebvre et al. 1995) . Granular activated carbon (GAC) adsorption is also effective in removing these compounds at water treatment plants; however, hygienic and aesthetic problems arise from enhanced microbial growth on the filters and the presence of invertebrates, mostly nematodes, in the filters, impairing the quality of the drinking water (Castaldelli et al. 2005) .
PAC treatment is a traditional method of controlling taste and odour, but the removal efficiency is limited by the maximum allowable dosage applied to the PAC injector.
Moreover, a very long PAC -water contact time is essential to ensure full utilisation of the adsorptive capacity of the PAC. When PAC contact time is insufficient, the full capacity of the PAC is wasted and costs become excessively high. In fact, the operators of many water treatment plants use PAC to remove taste and odour compounds but are concerned about the high costs involved. Microfiltration (MF) and ultrafiltration membrane water treatment can include PAC adsorption before the membrane filtration. This is a simple treatment method, with a low capital cost and small space requirement, in which PAC is directly added to the membrane filtration influent and the PAC particles with adsorbed dissolved substances, such as taste and odour compounds, are finally removed by membrane filtration (Baudin et al. 1993; Laine et al. 2001) . However, this method also has the disadvantage of inefficient adsorption capacity resulting from the short PAC-water contact time. This adsorption inefficiency results from antagonism between adsorption and the membrane components; the advantageous small space requirement of membrane filtration is incompatible with the PAC requirement of long PAC -water contact time (i.e., in a large contactor) to ensure high adsorption efficiency. This antagonism can be resolved by reducing PAC particle size, thus enhancing the adsorption kinetics. However, PAC cost per volume increases with decreasing particle size as the product is sieved into smaller fractions (Clark et al. 1996) .
Recently, Matsui et al. (2004 Matsui et al. ( , 2005 Matsui et al. ( , 2006 proposed the application of an extremely small, micro-ground PAC (called here a super-PAC [S-PAC]), with a particle size of less than 1 mm, to treatment before ceramic MF to attain improved removal of naturally occurring organic matter.
The S-PAC adsorption-membrane process is also expected to improve taste and odour control. We describe here the results of membrane pilot plant experiments in which S-PAC was applied before ceramic membrane filtration to better remove geosmin from the water. However, the superiority of S-PAC over N-PAC was confirmed.
MATERIALS AND METHODS

Powdered
RESULTS AND DISCUSSION
Although we expected high concentrations of naturally occurring geosmin in raw water and a long summer, the year The TMP increase after each backwash until just before the next backwash (represented by the spikes) returned to approximately the same level. Therefore, the periodic TMP increase was mostly due to reversible membrane fouling.
The periodic TMP increase was also smaller with S-PAC addition than without S-PAC (Figure 10 ). This may have been because 1) a reversible membrane foulant was adsorbed onto the S-PAC before the foulant could enter the membrane, so that the foulant load on the membrane was alleviated; and 2) floc particles with greater porosity were formed with S-PAC particles, so that cake layer buildup on the membrane surface was more permeable with S-PAC than without it. We have not yet confirmed the veracity of either or both of these reasons. Nonetheless, the experimental results indicate that S-PAC addition attenuated both reversible and irreversible membrane fouling.
The TMP pattern for the 22-day period (Figures 9a and 9b) was obtained with the small pilot system in which small membranes were used. Therefore, the hydraulics could not be exactly the same as those with the large membrane that is used in full-scale applications (Yonekawa 2004) . Moreover, the experimental run time was limited to 22 days. When applying S-PAC before membrane filtration, long-term TMP build-up, possibly because of fouling or clogging of the membrane surface by S-PAC particles, is an important concern. Therefore, we conducted a long-term pilot test with a large membrane to evaluate the hydraulic effect of S-PAC on membrane permeability. The plant with the large membrane operated successfully for 4 months without an excessive increase in TMP (Figure 10 ). The wet bead-mill was automatically operated intermittently to pulverise N-PAC to produce S-PAC, and the S-PAC slurry was injected before membrane filtration. On-site S-PAC production as well as the S-PAC-MF system operated satisfactorily.
CONCLUSION
We conducted a small-scale pilot plant experiment to study the S-PAC-MF system to mitigate earthy-musty taste and odours caused by the presence of geosmin in drinking water. S-PAC adsorption pretreatment before MF successfully removed geosmin with a lower PAC dosage than in the case of N-PAC adsorption pretreatment. The dosage saving by using S-PAC rather than N-PAC was at least 75%. The long-term MF run with S-PAC pretreatment confirmed that the S-PAC-MF system can be operated without excessive TMP increase, suggesting that membrane fouling caused by S-PAC particle clogging did not occur or was negligible.
Both TMP build-up during filtration cycles (i.e., between backwashes) and long-term TMP build-up caused by irreversible membrane fouling were mitigated by the addition of S-PAC to the MF feed water.
